The effects of cotranslational protein modification on the process of protein folding are poorly understood. Time-resolved fluorescence energy transfer has been used to assess the impact of glycosylation on the conformational dynamics of flexible oligopeptides. The peptide sequences examined are selected from glycoproteins of known three-dimensional structure. The energy transfer modulation associated with N-linked glycosylation is consistent with the glycopeptides sampling different conformational profiles in water. Results show that glycosylation causes the modified peptides to adopt a different ensemble of conformations, and for some peptides this change may lead to conformations that are more compact and better approximate the conformation of these peptides in the final folded protein. This result further implies that cotranslational glycosylation can trigger the timely formation of structural nucleation elements and thus assist in the complex process of protein folding.
glycopeptides sampling different conformational profiles in water. Results show that glycosylation causes the modified peptides to adopt a different ensemble of conformations, and for some peptides this change may lead to conformations that are more compact and better approximate the conformation of these peptides in the final folded protein. This result further implies that cotranslational glycosylation can trigger the timely formation of structural nucleation elements and thus assist in the complex process of protein folding.
The synthesis of many proteins takes place on membraneassociated ribosomes and follows the secretory pathway (1) . These proteins are subject to a wide array of enzyme-catalyzed covalent chemical modifications. Early protein modification reactions, such as glycosylation, carboxylation, and hydroxylation, occur on protein substrates that are either only locally folded or in the form of "collapsed intermediates" (2) . Because these protein processing events occur cotranslationally, questions arise as to the impact of each modification on the local peptide conformation and on the progress and efficiency of subsequent protein-folding events. Numerous observations attest to the importance of asparagine glycosylation for the appropriate folding and assembly of intact proteins. For example, the biosynthesis of proteins in the presence of N-linked glycosylation inhibitors, such as tunicamycin, often results in extensive aggregation associated with incomplete or incorrect folding (3) (4) (5) (6) .
Previous studies on the conformational effects of protein glycosylation have principally relied upon NMR (7) (8) (9) and CD spectroscopy (10, 11) . However, these methods present some limitations when considering the conformational dynamics of flexible peptides. Specifically, the time frame of NMR measurements is such that conformational averaging could obscure specific effects of glycosylation on a polypeptide framework. In addition, the molecular weights of the peptides and glycopeptides under evaluation are such that rotational correlation times would greatly affect the nuclear Overhauser effect (NOE) measurements, making the comparative studies difficult (12) . Although CD spectroscopy operates on a faster time scale, the technique is mostly applicable to peptides with strong spectroscopic signals, such as a-helical motifs (10) . In contrast, fluorescence energy transfer (FET) studies allow the assessment of specific conformational features, through the measurement of a single interprobe distance, on the same rapid time scale over which conformational fluctuations occur.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Thus, this technique provides information that is complementary to that obtained from other spectroscopic methods (13) . Furthermore, the high sensitivity (,uM concentrations) of fluorescence measurements and compatibility with aqueous media at neutral pH make this method valuable for the study of the conformational effects ofcovalent protein modifications (Fig.  1) . The current studies are targeted at establishing physical methods for assessing the impact of glycosylation on peptide conformational dynamics. We describe FET studies on three oligopeptides. The peptide sequences were selected from glycoproteins for which a high resolution x-ray structure was available. The peptides and corresponding glycopeptides, prepared through enzyme-catalyzed glycosylation, incorporate indole (donor) and 5-(dimethylamino)naphth-1-ylsulfonyl [dansyl (Dns) ; acceptor] fluorophores. Steady-state and timeresolved fluorescence measurements of both fluorophores are described. In time-resolved measurements, the donor decays have been analyzed for the effects of energy transfer to provide distributions of interprobe distances and, thus, reveal information on the peptide conformation. When examined in aqueous solution, two of the peptide sequences, which are found in (3-turn conformations in the native glycoprotein (14) , were seen to adopt more compact, folded conformations upon glycosylation.
MATERIALS AND METHODS
Synthesis of Fluorescently Labeled Peptides. The basic sequences of the peptides examined are derived from hemagAbbreviations: FET, fluorescence energy transfer; Dol-PP-GlcNAcGIcNAc, dolichylpyrophosphoryl-N,N'-diacetylchitobiose; dansyl and Dns, 5-(dimethylamino)naphth-1-ylsulfonyl-; Ro, distance of 50% transfer efficiency; Qo, quantum yield. Peptide sequences are represented with the standard one-and three-letter codes, including 0 and Orn to represent ornithine.
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glutinin (14) and the Fab fragment of immunoglobulin A (IgA) (15) . The sequences AVPNGTLV and ITPNGSI are taken from residues A19-A26 and A282-A288 of hemagglutinin. The sequence SGTMNVTWGK is taken from residues H151-H160 of IgA Fab J539. Peptides 1, 2, and 3 incorporate both the donor (indole) and acceptor (dansyl) chromophore. Peptides 4, 5, 6, and 7 incorporate only the donor chromophore for control studies. All peptides were capped at carboxyl and amino termini to emulate internal peptide sequences. Peptides were synthesized using standard 9-fluorenylmethoxycarbonyl (FMOC) chemistry on a Milligen model 9050 peptide synthesizer, with either PAL or PAL-PEG resins to produce C-terminal amides. N-terminal dansyl (Dns) and acetyl (Ac) derivatives were formed while the peptide was still bound to the resin by using either acetic anhydride or dansyl chloride and triethylamine in dimethylformamide. Dansyl derivatization of ornithine in acetyl-capped peptides was effected after peptide cleavage from the solid-phase support. The peptides were cleaved from the resin by using reagent R (trifluoroacetic acid/thioanisole/ethanedithiol/anisole, 90:5:3:2) with a cleavage time of 2 hr. Peptides were purified by reverse-phase HPLC and characterized by NMR, mass spectrometry, UV absorption spectrophotometry, and fluorescence spectroscopy.
Enzymatic Glycosylation of Peptides. The glycopeptides corresponding to 1, 2, 3, and 7 were prepared by oligosaccharyl transferase-catalyzed glycosylation using dolichylpyrophosphoryl-N,N'-diacetylchitobiose (Dol-PP-GlcNAc-GlcNAc) (16) as the disaccharide donor and a crude pig liver microsomal preparation for oligosaccharyl transferase activity. Dol-PP-GlcNAc-
[3H]GlcNAc was prepared as described previously, using lowspecific-activity uridine diphospho-N-acetyl-D-[6-3H]glucosamine (12 ,uCi/,umol; 1 Ci = 37 GBq) and synthetic Dol-PPGlcNAc. The resulting glycosylated peptides were therefore modified with a truncated disaccharide representing part. of the carbohydrate normally transferred in vivo (15) . Glycopeptide products were exhaustively purified by sequential processes including gel filtration (Bio-Rad P4) and reverse-phase HPLC (C18) chromatography. The glycopeptides were characterized via several independent methods. In all cases the glycopeptides had identical absorption spectra and quantitatively similar fluorescence emission spectra to the corresponding peptides, indicating that they contained both indole and dansyl chromophores. The products were 3H-labeled with good efficiency on the basis of radiolabeled starting material (80-90% in the crude products and 30-40% after multistep purification). Each glycopeptide eluted earlier than the corresponding peptide on gel-filtration chromatography (Bio-Rad P4), indicating the higher molecular weight of the modified peptide. In all cases, glycopeptides eluted before the corresponding peptides on reverse-phase HPLC: (C18; 0.46 x 15 cm), flow rate 1 ml/min, 0-5 min 100% H20 containing 0.1% trifluoroacetic acid, followed by a linear gradient to 40% CH3CN containing 0.08% trifluoroacetic acid over sured using a Shimadzu model UV160 spectrophotometer. In both cases, the data were transferred to an IBM personal computer-compatible computer, for manipulation. Steadystate emission spectra of the dansyl fluorophore were measured in water and water/acetonitrile, 1:1 for both peptides and glycopeptides to investigate the effects of a more hydrophobic solvent environment. The distance of 50% transfer efficiency (Ro) was calculated from steady-state donor fluorescence and absorption spectra, with dansyl-asparagine used as an absorbance standard for the dansyl group, and these peptides in the appropriate solvents, used as the emission standard (17, 18) . Quantum yields (Qo) were determined from the emission spectra in comparison with tryptophan in water, which has been reported as 0.14 (17). Time-Resolved Fluorescence Measurements. Time-resolved fluorescence intensity measurements were made on a timecorrelated single-photon-counting apparatus. In this technique, a 15-ps laser pulse is applied to the sample, and the emission is detected by counting single-photon pulses on a photomultiplier tube. Laser pulses were generated on a cavitydumped dye laser, which was pumped by a mode-locked Nd-yttrium/aluminum garnet laser. These pulses were then frequency doubled with a tunable /3-barium borate crystal. Fluorescence was monitored at a 90°angle through a monochromator with a fast photomultiplier tube. Tryptophan signals were monitored at 390 nm, and dansyl signals were observed at 550 nm. Donor lifetimes in the absence of acceptor were analyzed as a sum of exponential decays, [1] I= E aie-, i=l,n convoluted with the instrument response function. Nonlinear least-squares curve fitting gave the appropriate lifetimes and preexponential factors. Acceptor lifetimes were determined similarly, by using decays generated by excitation at 325 nm to excite the acceptor alone. The instrument response function is measured as the response to the directly observed laser pulse. Time-resolved measurements for all peptides and glycopeptides were done in both water and water/acetonitrile, 1:1 mixtures, to correspond with the steady-state measurements.
Analysis of Fluorescence Decays. The probability of energy transfer between a donor and an acceptor depends upon the inverse sixth power of the distance between them. The rate of FET is described by: r )6 [2] Ro, the distance of 50% transfer is determined as Ro = (JK2Qon-4)1/6 x 9.7 x 103 A (18) . K2, the orientation factor, is assumed to be 2/3 for random orientation, n is the refractive index and was obtained from reference tables, Qo is the quantum yield of the donor in the absence of the acceptor, and J, the overlap integral, is defined as J fF(A)S(A)A4dA fF(A)dxk [3] where F(A) is the fluorescence of the donor in arbitrary units; e(A) is the extinction coefficient of the acceptor in cm-1M-1, and A is in cm. These integrals were carried out over the whole range of the tryptophan emission, from 300-450 nm. Due to the flexible and dynamic nature of the oligopeptides under evaluation, the systems are not well modeled by a single, fixed donor-acceptor distance. Therefore, to relate the fluorescence decay of a donor-acceptor pair to the distribution of distances between them, including the effects of diffusion, the following differential equation must be solved (13) (13) . Distributions were calculated as a weighted Gaussian, using the equation (19, 20) : NO(r) = 4ircr2e(-a(r-b)2), [5] where a, b, and c are adjustable parameters, corresponding to the width, center, and scale of the distribution. Bimodal distributions were calculated using a sum of two Gaussian distributions. Nonlinear least-squares fitting of these curves to the observed decays by the 
RESULTS
Three peptides, 1, 2, and 3, were selected for study, based on sequences of glycoproteins with known crystal structures in which the ultimate glycosylated sequence has a very distinct conformation. The sequences selected exemplify two 3-turn motifs (1 and 2), from the structure of hemagglutinin A (23), and one strand of a 13-sheet structure (3) , from the Fab fragment of IgA (15) . The (3-turn is of considerable interest because this motif has been previously identified as a common feature of glycosylation sites (24) and is a potential structural nucleation element in protein folding (25) Initial analysis of the tryptophan donor decays showed that there were significant differences between the decays observed for glycopeptides and those of the unglycosylated peptides. Previously, donor-acceptor distances have often been estimated from the lifetimes recovered in an exponential analysis (18, 26) . The dynamic distribution model described above allows for a more direct interpretation of donoremission decays into a physical model of donor-acceptor distances (13, 19, 22, 27, 28) . Fourteen of the sixteen curve fits had 2R values between 1.1 and 2.0, whereas the other two were 3.5. Fig. 2 shows an example of the data and the corresponding curve fit. The center and width of the shorter distance distribution were well defined by the fits, whereas the diffusion parameter, and the center and width of the longer distance distribution were less well characterized, as these distances were large compared with Ro. Steady-state fluorescence indi- cated that at the concentration ranges observed, there was no observable intermolecular energy transfer.
Potential Carbohydrate-Fluorophore Interactions. If the carbohydrate of the glycopeptides interacted with the fluorophores and affected their fluorescence, this could seriously complicate interpretation of the fluorescence-decay data. Studies of the tryptophan decay in peptide 7 and the corresponding glycopeptide, containing only the donor chromophore, show no significant effects upon the observed tryptophan decay. This result indicates that the changes observed in peptides containing the acceptor are due to conformational changes in the backbone of the molecule and not to specific interactions between the tryptophan and the carbohydrate groups. These data are summarized in Table 2 1 (Fig. 3A) and from 12.4 A to 7.7 A for peptide 2 (Fig. 3B ). In these two cases, there is only a small change in the fraction of the population at long distances. The dynamic distribution data for peptide 3 (Fig. 3C) results demonstrate that, in general, the peptides are less folded in nonpolar solvents than in water, indicating that the major impetus for folding into a compact conformation may be due to hydrophobic effects. Furthermore, glycosylation seems to have a relatively small effect upon conformational parameters in this solvent system. The additional data from acetonitrile/water studies provide a point of reference for comparison to the aqueous media data and suggest that the conformational changes observed on peptide glycosylation are driven to a large extent by the nature of the surrounding medium. The structural and functional integrity of many proteins relies on specific co-and posttranslational proteinmodification reactions. Asparagine-linked protein glycosylation may serve many diverse roles. Some proteins require N-linked oligosaccharides to maintain proper function (7, 29) or to be correctly targeted (1) . In other cases, the presence or absence of the oligosaccharide seems to make no difference to the function of the native protein (30) . It is known, however, that N-linked glycosylation occurs cotranslationally (31, 32) and has the potential to affect the course of protein folding. For hemagglutinin and immunoglobulin A it is established that glycosylation serves a vital role in the folding and assembly of viable proteins (4-6). The studies described here specifically indicate that glycosylation can alter the conformational profile of a polypeptide and allow it to sample conformational space not originally accessible to it. Therefore, this result implies that the glycosylation event could serve to funnel the nascent polypeptide structure through a particular pathway for folding. In the absence of glycosylation, specific folded intermediates would be inaccessible, and the outcome would be a delinquent protein product. Protein folding occurs extremely rapidly (33) , and the timely formation of structural nucleation elements, triggered by glycosylation as the polypeptide is biosynthesized, may be one way to assist in proper protein folding, thus avoiding opportunities for interaction with unfolded proteins and aggregation. An understanding of the various ways in which N-linked glycosylation influences protein folding will be important both for understanding the general significance of glycosylation and for understanding folding pathways for glycoproteins. As demonstrated in this study, the time scale of FET measurements makes this a valuable technique for probing intramolecular distances in flexible peptides and the changes in conformational dynamics associated with proteinmodification reactions.
